In-frame premature termination codons (PTCs) account for $11% of all disease-associated mutations. PTC suppression therapy utilizes small molecules that suppress translation termination at a PTC to restore synthesis of a full-length protein. PTC suppression is mediated by the base pairing of a near-cognate aminoacyl-tRNA with a PTC and subsequently, the amino acid becomes incorporated into the nascent polypeptide at the site of the PTC. However, little is known about the identity of the amino acid(s) inserted at a PTC during this process in mammalian cells, or how the surrounding sequence context influences amino acid incorporation. Here, we determined the amino acids inserted at the cystic fibrosis transmembrane conductance regulator (CFTR) W1282X PTC (a UGA codon) in the context of its three upstream and downstream CFTR codons during G418-mediated suppression. We found that leucine, cysteine and tryptophan are inserted during W1282X suppression. Interestingly, these amino acids (and their proportions) are significantly different from those recently identified following G418-mediated suppression of the CFTR G542X UGA mutation. These results demonstrate for the first time that local mRNA sequence context plays a key role in near-cognate aminoacyl-tRNA selection during PTC suppression. We also found that some variant CFTR proteins generated by PTC suppression exhibit reduced maturation and activity, indicating the complexity of nonsense suppression therapy. However, both a CFTR corrector and potentiator enhanced activity of protein variants generated by G418-mediated suppression. These results suggest that PTC suppression in combination with CFTR modulators may be beneficial for the treatment of CF patients with PTCs.
Introduction
Nonsense mutations, which generate in-frame premature termination codons (PTCs) within an open reading frame, represent $11% of all disease-associated gene lesions (1) . When a ribosome encounters a PTC in its acceptor (A) site, translation will terminate prior to the synthesis of a full-length protein, which often leads to loss of protein function. Unlike decoding during translation elongation that involves base pairing between mRNA codons and aminoacyl-tRNAs, termination codons (UAA, UAG, UGA) are decoded by a release factor complex composed of eRF1 and eRF3. eRF1 recognizes and binds to all three termination codons, while eRF3 is a GTPase that enhances polypeptide release by eRF1. Thus, no aminoacyl-tRNAs exist that are cognate to termination codons. However, near-cognate aminoacyl-tRNAs occasionally become accommodated at a PTC by base pairing with two of the three nucleotides of the termination codon, leading to the incorporation of an amino acid into the nascent polypeptide chain. This event, known as PTC suppression or readthrough, allows translation elongation to continue in the correct reading frame to produce a full-length protein. Certain low-molecular weight compounds have been identified, including aminoglycosides and PTC124 (also known as ataluren or Translarna TM ), that enhance readthrough frequency at PTCs (2) (3) (4) (5) (6) . Nonsense suppression therapy aims to utilize readthrough agents with the goal of restoring enough full-length, functional protein to alleviate diseases caused by PTCs (7) .
However, since the amino acids inserted at a PTC during readthrough may differ from the amino acid normally found in the wild-type protein, the resulting full-length protein may not mature or function as effectively as the wild-type protein. From the perspectives of both the basic mechanism of PTC suppression and the potential therapeutic benefit afforded by PTC suppression therapy, it is important to determine both the identities and functional consequences of the amino acids inserted at a PTC during readthrough. Currently, only limited information is available regarding the amino acids inserted during PTC suppression in eukaryotes. In some retroviruses such as the Maloney murine leukemia virus (MuLV), a programmed stop codon suppression event is used to generate the full-length Gag-Pol protein. Glutamine (Gln) is inserted during suppression at UAA and UAG codons in this MuLV programmed readthrough system, while arginine (Arg), cysteine (Cys) and tryptophan (Trp) are incorporated at a UGA (8) . Another study found that tyrosine, lysine and Trp are inserted during UAG suppression in yeast (9) . More recently, it was found that glutamine, tyrosine and lysine are incorporated at both UAA and UAG codons, whereas Arg, Cys and Trp are inserted at a UGA codon in both yeast and human cells (10, 11) . While the same general sets of amino acids are inserted during both basal or stimulated readthrough, the proportions of the different amino acids inserted vary as a function of the readthrough conditions (11, 12) , consistent with a mechanism mediated via the accommodation of a subset of aminoacyl-tRNAs that are near-cognate to the PTC.
Cystic fibrosis (CF) is an autosomal-recessive disorder caused by mutations in the gene encoding the CF transmembrane conductance regulator (CFTR). The CFTR protein is an anion channel primarily localized to the apical membranes of secretory epithelial cells lining the airways and multiple organs (13) . Our current study addresses other important questions related to the mechanism and consequences of PTC suppression for the treatment of not only CF, but also other diseases caused by nonsense mutations. For example, previous studies have shown that the mRNA sequence context near a PTC influences its susceptibility to suppression (14) (15) (16) (17) . While one study that examined PTC suppression in three different contexts did not observe significant context effects on the amino acids inserted (10) , further investigation is clearly needed. Second, the relative function of full-length proteins generated by PTC readthrough that differ from the wild-type protein (referred to hereafter as protein variants) is unclear. To address these questions, we designed reporter constructs that carry the clinically relevant CFTR W1282X PTC and its surrounding sequence context. Following the induction of PTC suppression with the aminoglycoside G418, we found that leucine (Leu) (58%), Cys (38%) and Trp (4%) are inserted at the CFTR W1282X UGA termination codon during suppression. Surprisingly, these amino acids (and proportions) are significantly different from those that we recently identified following suppression of the CFTR G542X UGA mutation, which included Cys (44%), Trp (36%) and Arg (20%) (11) . These results provide compelling evidence that sequence context has the potential to influence both the identity and frequency of the amino acids inserted during PTC suppression. We also examined the functionality of variant CFTR proteins generated by PTC suppression. We found that both the processing and function of many CFTR variants was reduced, indicating the complexity of nonsense suppression therapy. However, both parameters could be enhanced by the CFTR modulators VX-809 (lumacaftor) and VX-770 (ivacaftor). These results suggest that combining nonsense suppression drugs with CFTR modulators is a promising therapeutic approach to maximize CFTR function in CF patients that harbor nonsense mutations.
Results
Identification of amino acids incorporated during suppression of the CFTR W1282X nonsense mutation CFTR is a large, polytopic, integral membrane protein that is expressed at low levels in epithelial cells. In addition, PTC suppression occurs at relatively low frequencies (often 5% or less). Together, these factors make it exceedingly difficult to analyze the amino acid(s) inserted during PTC suppression in the context of the intact CFTR protein. To overcome these obstacles, we recently developed a TurboGFP reporter to determine the amino acids inserted during readthrough of the clinically relevant CFTR G542X mutation using tandem mass spectrometry (MS-MS) (11) (Fig. 1A) . Because previous studies have shown that the local mRNA sequence context flanking a PTC acts as a primary determinant of readthrough (15, 16, 18) , we introduced the G542X (UGA) codon, as well as the surrounding local CFTR context (three codons upstream and downstream of the CFTR G542 position), into the TurboGFP reporter. Suppression of the PTC was induced using the aminoglycoside G418. The full-length protein products resulting from PTC suppression were then purified by Ni-NTA chromatography and subjected to MS-MS analysis. Three amino acids were found to be inserted at the CFTR G542X UGA codon upon readthrough: Arg, Cys and Trp (Fig. 1D ).
In the current study, we modified the TurboGFP reporter system to identify the amino acids incorporated during PTC suppression of the CFTR W1282X nonsense mutation. To do this, the W1282X UGA PTC was introduced into the TurboGFP reporter within the context of its three upstream and three downstream codons of CFTR sequence. Since both the G542X and W1282X CFTR mutations introduced UGA codons into the TurboGFP reporter and both reporters were expressed in HEK293 cells, the only difference between the G542X and W1282X reporters was the identity of the three upstream and downstream CFTR codons flanking the UGA stop codon (Fig. 1A) .
As in our previous study (11) , readthrough was induced in HEK293 cells expressing the W1282X TurboGFP construct with G418 for 48 h, full-length readthrough products were purified using Ni-NTA chromatography (Fig. 1B and C) , and MS-MS was carried out (Supplementary Material, Fig. S1 ). Similar to the CFTR G542X allele, Cys and Trp were also incorporated at CFTR W1282X following G418-mediated suppression. However, Arg was not detected (Fig. 1D ) and a new amino acid, Leu, was identified. Our previous study of the amino acids inserted during G542X suppression found that Cys was incorporated at the highest frequency (44%), followed by Trp (36%) and Arg (20%) (Fig. 1D) . In contrast, we found that Leu was the most abundant amino acid inserted at W1282X (58%), followed by Cys (38%) and Trp (4%). Since the same PTC (UGA) is found in both the G542X and W1282X constructs and they differ only by the three codons upstream and three codons downstream of the PTC, these results indicate that the local sequence context surrounding a PTC can influence both the amino acid(s) inserted during readthrough and their relative proportions.
Analysis of the amino acids incorporated at different PTC codons within a common context
Many studies have shown that the local sequence context flanking a PTC influences its readthrough efficiency (14) (15) (16) (17) . In particular, the presence of a CAA codon (encoding glutamine) on either side of a PTC has been shown to induce particularly robust readthrough in both yeast and mammalian systems (9, 15, 16, 18) . To further investigate the amino acids inserted at different PTC codons during readthrough, we utilized TurboGFP reporters containing either UGA, UAG or UAA termination codons flanked by upstream and downstream CAA codons (encoding Gln, or 'Q' in the single letter code). This set of reporters (collectively referred to as QXQ constructs) allowed us to monitor the amino acids inserted at different PTCs flanked by identical sequence contexts ( Fig. 2A) . G418 was again used to induce readthrough of each PTC in HEK293 cells.
Consistent with previous results (15) , the highest level of G418-mediated suppression was observed in the QXQ UGA construct, followed by QXQ UAG and QXQ UAA (Fig. 2B) . MS-MS analysis of the purified QXQ readthrough peptides revealed that the identity and proportions of the three amino acids inserted at the QXQ UGA codon following G418-mediated suppression (Cys, Arg and Trp) were very similar to those observed following the suppression of the CFTR G542X UGA codon (Fig. 2C , compare columns one and three; also see Supplementary Material, Fig.  S2 ). MS-MS analysis also showed that Gln and Tyr were inserted at both QXQ UAA and QXQ UAG with similar proportions following G418-mediated suppression (Fig. 2C , columns four and five), which is also consistent with results from previous studies (11) . When taken together, these results suggest that at stop codons within multiple contexts, a common set of amino acids are often, but not always, inserted during readthrough.
Characterization of CFTR W1282 readthrough variants
We recently reported that the CFTR G542R, G542C and G542W variants found to be produced by G418-mediated suppression of the CFTR G542X allele exhibited different levels of CFTR activity (11) . To determine how incorporation of the variant amino acids produced by suppression of the CFTR W1282X mutation affects CFTR protein maturation and function, we mutated a WT CFTR cDNA at codon W1282 to create the W1282C (Cys) and the W1282L (Leu) CFTR variants. HEK293 cells that encoded these variant CFTR proteins were also examined for CFTR protein expression and maturation from band B [the immature, endoplasmic reticulum (ER) form that is present in CF patients with the common F508del mutation, a deletion of codon 508] to band C (the mature, fully glycosylated form) by western blotting (Fig.  3A) . While cells transfected with each construct expressed similar levels of CFTR protein, the Band C/B ratio differed among the different CFTR variants. The majority of WT CFTR was present as Band C (C/B ratio ¼ 1.7), indicating that most CFTR had exited the ER and moved through the Golgi to the cell surface. Cells expressing the W1282L CFTR variant showed only a slightly lower ratio of Band C/B relative to WT CFTR (C/B ratio ¼ 1.2). In contrast, a much lower C/B ratio was observed in cells expressing the W1282C variant (C/B ¼ 0.6), suggesting a more severe maturation and/or protein stability defect. We next made stable cell lines expressing W1282 wild-type and variant forms in Fischer rat thyroid (FRT) cells in order to carry out electrophysiological assessments of CFTR channel function. In these experiments, a cAMP agonist, forskolin, was used to activate CFTR channel opening, followed by the addition of the CFTR inhibitor, Inh172. This provided further confidence that currents observed had resulted from CFTR function. In each assay, CFTR function was corrected for modest differences in steady-state CFTR mRNA abundance. Using short circuit current (Isc) assays to monitor CFTR-mediated chloride movement, we found that the W1282L CFTR variant displayed similar activity as WT CFTR, while the W1282C variant exhibited only 36% of WT CFTR function ( Fig. 3B and C). Independent assays measuring transcellular conductance (Gt) showed similar results ( Fig. 3D and E) (see Supplementary Material, Fig. S3A and B for representative tracings). When taken together, we conclude that each of the CFTR W1282 variants, like the G542 variants (11), exhibited varying maturation defects and corresponding CFTR functional defects due to the nature of the amino acid inserted during the suppression event.
CFTR modulators further stimulate CFTR W1282 variant function
A number of drugs, known as CFTR modulators, have recently been developed to treat CF patients. These drugs target specific CFTR defects that arise from different mutation classes. One of these, VX-809 (lumacaftor), is a CFTR corrector thought to bind CFTR protein and improve its processing in the ER (19) . It has also been reported that VX-809 stabilizes CFTR F508del on the cell surface, thus augmenting CFTR half-life (20) . Another CFTR modulator, VX-770 (ivacaftor), is an FDA-approved, orally bioavailable potentiator originally developed to treat CF patients with the G551D mutation (21) (22) (23) . VX-770 is thought to bind CFTR at the cell surface in a manner that enhances the activity of mutant proteins with channel gating defects (24, 25) . Phase 3 clinical trials recently demonstrated that co-administration of VX-770 and VX-809 provides a therapeutic benefit in CF patients homozygous for F508del, the most common CF mutation (26) , leading to FDA approval of this combination therapy (marketed as Orkambi) (27, 28) .
We next asked whether these CFTR modulators could be used to analyze the maturation and/or functional defects of CFTR readthrough variants. First, HEK293 cells were transfected with plasmids expressing W1282 CFTR variants and treated with VX-809 for 24 h to examine the effects on CFTR maturation. Western blots show an increase in the ratio of band C/B in HEK293 cells expressing either the W1282C or W1282L CFTR variants or WT CFTR upon VX-809 treatment ( Fig. 4A and B) , indicating an enhanced escape of CFTR from the ER. We also observed an increase in the absolute amount of band B for both the WT and variant forms of CFTR, indicating that VX-809 also stabilizes immature CFTR in the ER. In FRT cells stably expressing W1282 CFTR variants, we found that CFTR function was enhanced significantly when cells were treated with VX-809, and to a lesser extent, with VX-770. Moreover, the combined treatment of cells with these compounds produced greater chloride conductance via Isc measurements than treatment with either drug alone ( Fig. 4C-E) . Importantly, we found forskolindependent Isc of W1282 variants to strongly correlate with the band C/B ratio ( Fig. 4F) , suggesting that the level of CFTR function in this subset of CFTR variants is determined largely by their maturation and overall abundance on the cell surface. A similar strong correlation was observed between W1282 CFTR variant epithelial conductance (Gt) and the variant band C/B ratio ( Fig 
Enhancement of CFTR G542 variant function by CFTR modulators
We next tested how CFTR modifiers affect G542 CFTR variant maturation and function. The G542 variants previously identified from G418-mediated readthrough (G542R, G542C and G542W) (11) were constructed and HEK293 and FRT cell lines expressing each variant were prepared. First, HEK293 cells were cultured þ/À VX-809 treatment for 24 h and western blotting was carried out. VX-809 induced a significant increase in the band C/B ratio for WT CFTR, as well as for each G542 variant protein ( Fig. 5A and B) . Chloride conductance in FRTs was also enhanced significantly, as indicated by increased forskolindependent Isc (see Fig. 5C -F for representative Isc traces and Fig. 5G for a summary of all Isc data). Similarly, VX-809 also increased Gt in FRT cells expressing the G542X variants ( Fig. 5I;  Supplementary Material, Fig. S3C ). Acute addition of VX-770 resulted in a further small increase in function of all G542 CFTR variants in both assays. When VX-809 and VX-770 treatments were combined, CFTR function was enhanced more than with either drug alone. Finally, we observed a strong correlation between G542 CFTR variants as determined by both DIsc and DGt functional measurements and the variant band C/B ratio ( CFTR function is enhanced when cells expressing CFTR G542X or W1282X nonsense mutations are treated with a readthrough drug and CFTR modulators
We next determined the level of CFTR activity that can be restored in FRT cells expressing either the CFTR G542X or CFTR W1282X nonsense alleles when treated with a readthrough drug alone, CFTR modulators alone, or a combination of readthrough drug and CFTR modulators. First, the FRT line stably expressing CFTR G542X was treated with G418 for 48 h before assaying CFTR function. G418 treatment alone increased CFTR function in cells expressing CFTR G542X by $7-fold as measured by an increase in forskolin-dependent Isc (Fig. 6A and B) or Gt ( Fig. 6E;  Supplementary Material, Fig. S3C ). Treatment of those cells with VX-809 alone or the combination of VX-809 and VX-770 without readthrough did not enhance CFTR function, suggesting that the CFTR protein fragment terminated at position 542 was not functional even when treated with both a corrector and a potentiator. However, a further increase in CFTR function from the G542X allele was observed when G418 and VX-809 were combined as compared to G418 alone, consistent with enhanced processing of the full-length variant proteins produced by readthrough of the G542X mutation by the corrector. Further addition of VX-770 enhanced the current slightly in G418-treated cells in either the presence or absence of VX-809, suggesting that VX-770 can increase gating of the full-length G542 CFTR variants on the cell surface. When taken together, these results show that the triple combination treatment of cells expressing the CFTR G542X allele increased CFTR function almost 15-fold (resulting in 4-5% of the activity observed in cells expressing WT CFTR), a level more than double the amount of CFTR activity produced with G418 alone.
Interestingly, the response observed in FRT cells expressing the CFTR W1282X allele was quite different than that observed with CFTR G542X (Fig. 6C and D) . G418 treatment alone increased CFTR function only two to three-fold, indicating that the W1282X allele is less responsive to readthrough induction by this compound. In contrast, treatment of these cells with VX-770 in the absence of G418 increased CFTR function by 4-to 5-fold, while treatment with the combination of VX-770 and VX-809 in the absence of G418 enhanced Isc by $10-fold. This finding suggests that the truncated CFTR protein produced from the W1282X allele, which contains much more of the CFTR protein than the truncated protein produced from the G542X allele, may be able to escape from the ER following VX-809 treatment, transit to the cell surface, and undergo channel opening when exposed to the potentiator VX-770. Remarkably, this occurs even though much of second NBD of CFTR is missing. Similar responses of the truncated protein expressed from the W1282X allele to correctors was also reported in another recent study (29) . Treatment of these cells with the triple combination of G418, VX-809 and VX-770 increased forskolin-dependent Isc (Fig. 6C  and D) and Gt (Fig. 6F) to a level $13-fold above background (3-4% of cells expressing WT CFTR), again suggesting that combining a readthrough drug with CFTR modulators enhances total CFTR activity obtained from the W1282X allele.
The results described above suggest that the function of CFTR variant proteins produced by suppression of the G542X and W1282X alleles can be significantly enhanced by co-treatment with CFTR modulators such as the potentiator VX-770 or the corrector VX-809. To confirm this conclusion, we turned to a more physiologically relevant cell type. It was previously suggested that modulator compounds that showed a positive response in primary human bronchial epithelial (HBE) cells would have the highest likelihood of showing clinical efficacy (30) . Accordingly, we next examined the effect of combination therapy on CFTR activity in primary HBE cells homozygous for the CFTR G542X mutation using an equivalent current (Ieq) assay, which is functionally similar to the Isc and Gt assays ( Fig.  6G and H) . We found that growth for 48 h in the presence of 50 mM G418 led to an $3-fold increase in CFTR activity following activation with forskolin and VX-770. In addition, growth in the presence of both G418 and VX-809 effectively doubled the amount of CFTR activity observed ($6-fold increase). A higher 
Discussion
For this study, MS-MS was used to identify the amino acids incorporated at CFTR PTCs (and other PTCs) during readthrough.
To avoid the difficulties of isolating adequate quantities of fulllength CFTR protein generated by PTC suppression for MS-MS, we utilized a previously characterized TurboGFP reporter system that allows us to rapidly purify large quantities of fulllength protein generated by readthrough of a PTC in the same flanking sequence context as the intact CFTR protein (11) . Using this system, we determined: (i) the amino acids inserted at CFTR PTCs in human cells during G418-mediated readthrough, (ii) the effects of proximal mRNA sequence context upon the identity . N ¼ 4/condition. *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001 versus untreated or vehicle (unless otherwise indicated).
and proportions of amino acids inserted at PTCs, and (iii) the functional response of individual variant CFTR proteins produced by PTC suppression. We found that inducing readthrough with G418 promoted insertion of Arg, Cys and Trp at UGA in both the CFTR G542X and QXQ contexts ( Fig. 2A and Table 1 ). This subset of amino acids was previously found to be incorporated at UGA during basal readthrough, as well as readthrough induced by either G418 or ataluren in both yeast and human cells (10, 12) . We further found that Tyr and Gln were inserted at both UAA and UAG codons in the QXQ context (Tables 2 and 3 ), a finding also consistent with previous results (11) . While previous studies found Lys to be incorporated at low levels during UAA and UAG readthrough (11, 12) , incorporation of Lys was not observed using our reporters. All of these near-cognate amino acid incorporations require a mismatch between the anticodon and stop codon at either the first or third nucleotide positions (Tables 1-3 ). In the CFTR W1282X context, we found that Cys and Trp were also inserted via mismatches with the 3 rd position of the UGA stop codon. However, a new amino acid, Leu, was also inserted at the W1282X UGA codon (Table 1) , which would occur through a G:A mismatch at the second nucleotide position of the UGA codon. It should be noted that Leu and Ile have identical masses, preventing us from unambiguously distinguishing between these two amino acids when examining the CFTR W1282X MS-MS data. However, we favor the interpretation that Leu was incorporated at the W1282X UGA codon, since a Leu codon is nearcognate to UGA (with a single mismatch), while all Ile codons are non-cognate to UGA (with mismatches at two or more positions). Recent structural studies have revealed significant new insights into mechanisms underlying near-cognate misreading during translation elongation (31) . Codon:anticodon complementarity is monitored via the ribosomal decoding center, where several universally conserved nucleotides in the ribosomal RNA probe the geometry of base pairings. Rather than examining base complementarity through the formation of hydrogen bonds, the ribosome appears to probe codon:anticodon pairings primarily using steric restraints. Since similar codon:anticodon interactions occur in the ribosomal decoding center during PTC suppression, it is likely that these geometrical constraints also limit the possible interactions between nearcognate tRNAs and PTCs.
The accuracy of codon selection between cognate, wobble, and near-cognate pairings during elongation can vary by 400-fold, and these differences in incorporation depend on the identity and modifications of the misreading tRNA, the position of the mismatch within the codon:anticodon interaction, and the specific type of basepairing mismatch (32) . Our identification of the insertion of Leu during suppression of the W1282X mutation would require a G:A mismatch in the middle position of the codon:anticodon pairing. Interestingly, this mismatch has been observed in a previous nonsense suppression study that examined how a pseudouridylated termination codon (WAG) could be decoded by a serine tRNA (33) . It was shown that the adenosine in the middle position adopted a syn conformation that led to base-pairing with guanosine in a conformation similar to canonical Watson-Crick purine-pyrimidine base pairing. Additional insights into the key features of near-cognate mispairing will greatly enhance our ability to predict the amino acids most likely to be inserted during nonsense suppression.
Even though the G542X and W1282X mutations are both UGA stop codons, different amino acids (and different proportions of shared amino acids) are inserted at the PTCs upon readthrough with G418 (Fig. 2C) . Since the only difference between the G542X and W1282X constructs resides in the three upstream and three downstream codons flanking the UGA termination codons, the reason for the incorporation of different amino acids, as well as the difference in the proportions of the same amino acids, must lie in the differences in the sequence context. This is the first study to show that the proximal sequence surrounding a PTC can influence the amino acids incorporated at a PTC during readthrough.
The importance of sequence context in the translation termination efficiency, as well as the susceptibility to readthrough, is well known (34, 35) . However, the mechanism by which this occurs is less well understood. Previous studies have shown that the most C-terminal residues of the nascent polypeptide chain can interact with the ribosome, and thus potentially influence decoding events (36, 37) . The first residue following the termination codon can also strongly influence the decoding event, and has led to the stop codon and the following nucleotide being referred to as a 'tetranucleotide termination sequence' (16, 38) . We are now beginning to understand how this effect occurs. A recent study reported that the N-terminal domain of eRF1 reaches into the decoding center of the ribosome to form a pocket that accommodates not only the stop codon, but also the following nucleotide in a novel 'U-turn' RNA configuration (39) . This four-base recognition event could explain how the first nucleotide following the stop codon influences the efficiency of stop codon recognition (15, 16) . Whether the tetranucleotide termination sequence can also influence the selection of nearcognate tRNAs during nonsense suppression will be examined in future studies.
The results discussed above indicate that the amino acids inserted during readthrough may often be different from the and by transcellular conductance (Gt) assays in FRT cells showed that while both W1282C and W1282L CFTR variants were functional, the W1282L variant produced significantly more channel activity. These results are similar to those recently published for the CFTR G542X variants (11) . These data demonstrate that the amino acid inserted at a PTC can often have significant effects on the function of the full-length protein generated. Future research on nonsense suppression therapies should explore whether different readthrough agents can bias the amino acids inserted in distinct ways so that optimal protein function can be obtained. Our results demonstrate that the resulting full-length, variant CFTR proteins resulting from PTC suppression may still be defective due to defects in CFTR maturation, gating or stability. Recently, a number of CFTR modulator drugs have been developed to address these defects. For example, the corrector VX-809 stabilizes the immature form of CFTR in the ER and facilitates its trafficking to the cell surface (19) , while the potentiator VX-770 increases the gating of CFTR protein at the cell surface (21) (22) (23) . Aside from their therapeutic potential, CFTR modulators can be used to better understand the defects in variant CFTR proteins generated by PTC suppression. We found that the corrector VX-809 significantly increased total variant CFTR protein accumulation from both the G542X and W1282X alleles. It also increased their band C/B ratio, suggesting that it enhanced CFTR maturation and/or stability at the cell surface. VX-770 treatment also provided modest enhancements in variant CFTR function. When both compounds were used, CFTR channel function was enhanced more than with either compound alone. These results indicate that the combination of a CFTR corrector with a CFTR potentiator can significantly enhance the function of CFTR variant proteins generated by PTC suppression.
We also found that FRT cells expressing either CFTR G542X or W1282X alleles treated with the readthrough compound G418 showed increased CFTR channel activity. However, a greater level of activity was restored in cells expressing the CFTR G542X cDNA, indicating that a more robust level of G418-mediated readthrough of the CFTR G542X allele was achieved. No increase in CFTR activity was observed when cells expressing CFTR G542X were treated with VX-809 alone, VX-770 alone, or a combination of both compounds, indicating that the truncated CFTR protein produced by the G542X allele does not possess any residual CFTR activity. Most importantly, these results obtained in FRT cells were confirmed in primary, homozygous G542X HBE cells, thus showing the utility of combining readthrough compounds with CFTR modulators in these more clinically relevant cells. In contrast, an increase in CFTR channel activity was detected when cells expressing CFTR W1282X were treated with VX-809 alone. Co-treatment of these cells with VX-809 and VX-770 stimulated CFTR activity to a much greater extent, as previously reported (17, 40) . We interpret these results to mean that the truncated CFTR protein produced by the W1282X allele retains residual activity, but most is unable to escape the ER. VX-809 can facilitate the movement of more truncated CFTR protein to the cell surface, but the channel is largely unable to open due to the C-terminal truncation within NBD2. However, the addition of VX-770 overcomes this gating defect, resulting in a 
significant stimulation of CFTR activity. The rescue of latent CFTR activity from the CFTR W1282X allele is completely consistent with another recent report (29, 41) , and suggests that a partial restoration of CFTR activity may be obtained in patients carrying this allele through the action of CFTR modulators in the absence of nonsense suppression. Most CFTR nonsense mutations, like G542X, are expected to lack the latent activity associated with the W1282X allele. Thus, this study provides a proof-of-concept that the combination of CFTR modulators and nonsense suppression drugs may be the most efficient way to restore maximal CFTR function in CF patients that harbor nonsense mutations.
Materials and Methods

Plasmid construction
The following reporters were constructed that contain a readthrough cassette with CFTR G542WT, G542X, W1282WT, W1282X, QXQ UGA, QXQ UAA, QXQ UAG or QWQ along with three codons of upstream and downstream sequence (Fig. 1A) . The first five cassettes listed above were fused downstream of TurboGFP through three steps of PCR reactions using a template pT7CFE1-CGFP-HA-His (ThermoFisher). The forward primer is the same in all three steps and the reverse primer of the third step is the same for all constructs. QXQ UAA, QXQ UAG and the corresponding WT constructs were obtained through sitedirected mutagenesis based on QXQ UGA. The oligonucleotides used to construct the reporter cassettes are shown in Supplementary Material, Table S1 . The resulting fragment was cut with NheI and XhoI and inserted into the pcDNA3.1Zeo(þ) expression vector (Invitrogen). All constructs were confirmed by DNA sequencing. The CFTR G542X, W1282X and the WT fragment was cloned between NheI and XhoI in the pcDNA3.1Zeo(þ) expression vector, respectively. G542R, G542C, G542W, W1282C and W1282L constructs were obtained through site-directed mutagenesis and confirmed by sequencing. The oligonucleotides used to build CFTR constructs are shown in Supplementary Material, Table S2 .
Mammalian cell culture and transfection
Human embryonic kidney 293 (HEK293) cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 200 nM of L-glutamine (Invitrogen). HEK293s were transfected using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions and then placed in selection medium containing 200 lg/ml of zeocin for 2 weeks. FRT cells were cultured in Ham's F-12 medium (Sigma) supplemented with 5% FBS and 2.68 g/l sodium bicarbonate (Sigma). FRTs were transfected with CFTR constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and selected with 800 lg/ml of zeocin for 2 weeks. In order to stimulate readthrough, cells were treated with G418 (0.3 mg/ml) for 24-48 h before harvesting.
Quantitative real-time PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen) as per the manufacturer's directions. cDNA was obtained through reverse transcription using iScript 
Western blot
HEK293 cells were washed with 1Â PBS, harvested, and lysed with lysis buffer (pH 8.0, 50 mM NaH 2 PO4, 300 mM NaCl, 10 mM imidazole) containing protease inhibitor cocktail tablet (Roche) using three freeze (on dry ice) and thaw (37 C) For CFTR western blotting using FRT cells, the cells were washed with 1Â PBS, harvested and lysed with RIPA buffer (50 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl) containing protease inhibitor cocktail tablet (Roche). Proteins were separated using 4-15% gradient SDSPage gels (Biorad). Transfer, block, antibody incubation and imaging were the same as HEK293 samples. CFTR antibodies used here: 1:1 mixture of 570 and 596 monoclonal CFTR antibodies (UNC, 1:20 000).
Protein purification
HEK293 cells were harvested and lysed with lysis buffer using three freeze and thaw cycles. Supernatant was transferred to a new tube after centrifuge and incubated with Ni-NTA Superflow resin (Qiagen) overnight at 4 C. The next day, resin was washed three times with lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) and eluted with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 500 mM imidazole, pH 8.0).
Sample preparation for mass spectrometry
The enriched protein fractions were concentrated, and the buffer exchanged using 3 kDa MW cut-off columns (Millipore). The sample was then diluted in LDS PAGE buffer (Invitrogen) followed by reducing, denatured and separation on an SDS BisTris gel (4-12%, Invitrogen). The gel was stained overnight with colloidal blue (Invitrogen). Based on western blot analysis, the region of interest (based on molecular weight) was cut out and equilibrated in 100 mM ammonium bicarbonate (AmBc). Gel slices were reduced, carbidomethylated, dehydrated and digested with Trypsin Gold (Promega) as per the manufacturers' instructions. Following digestion, peptides were extracted, concentrated under vacuum and resolubilized in 0.1% formic acid prior to analysis by 1D reverse phase LC-ESI-MS2 as outlined below.
Mass spectrometry
Peptide digests (8 ml each) were injected onto a 1260 Infinity nHPLC stack (Agilent) and separated using a 100 lm I.D. Â13 cm pulled tip C-18 column (Jupiter C-18 300 Å , 5 lm, Phenomenex). 
MS data conversion and searches
The XCalibur RAW files were collected in profile mode, centroided and converted to MzXML using ReAdW v. 3.5.1. The mgf files were then created using MzXML2Search (included in TPP v. 3.5) for all scans with a precursor mass between 350 and 1200 Da. These data were searched using SEQUEST, which was set for three maximum missed cleavages, a precursor mass window of 20 ppm, trypsin digestion, variable modification C at 57.0293, and M at 15.9949. For the fragment-ion mass tolerance, 0.0 Da was used. Searches were performed with a human subset of the UniRef100 database, which included common contaminants such as digestion enzymes and human keratin, in addition to sequences specific to these experiments.
Peptide filtering, grouping and quantification
A list of peptide IDs were generated based on SEQUEST search results, which were filtered using Scaffold (Protein Sciences). Scaffold was applied in order to filter and group all of the matching peptides to generate and retain only high confidence IDs while also generating normalized spectral counts (SCs) across all samples for the purpose of relative quantification. The filter cut-off values were set with peptide length (>5 amino acids), no peptides with a MHþ1 charge state were included, peptide probabilities were calculated and set to >90% CI, with the number of peptides per protein set at 2 or more, and protein probabilities were set to >97% CI, which all combined results in a list of protein IDs with >99% confidence. Scaffold incorporates the two most common methods for statistical validation of large proteome datasets, the false discovery rate and protein probability (42) (43) (44) . Relative quantification across experiments are performed via spectral counting (45), and SC abundances are then normalized between samples.
Short-circuit current (Isc) measurements of FRT cell monolayers
Cells were seeded 4 days before assay on Costar 24 well 0.4 mM permeable supports (Corning) and maintained in medium at 37 C with 5% CO 2 . Cells were grown to confluence and tight monolayer formation was determined by measuring transepithelial resistance using an epithelial voltohmmeter (WPI). VX-809 (Lumacaftor, 3 lM, Selleckchem) was added to medium 24 h before experiment. Isc was measured under voltage clamp conditions in Ussing Chambers (Physiologic Instruments), as previously described (17, 46) . Briefly, after equipment offset, cell monolayers were mounted onto chambers filled with a high chloride ringer solution with (millimolar units) 120 NaCl, 25 Amiloride (100 lM) was added to basolateral side to block residual ENaC current. Forskolin (10-20 lM, depending on experiment) was added to both sides to elevate cAMP and Isc was monitored for >10 min. The stimulated Isc induced by the forskolin was consistent with a cAMP-stimulated chloride current mediated by the CFTR channel. VX-770 (Ivacaftor, 10 lM, Seleckchem) was added to both sides. In addition, CFTR inhibitor-172 (CFTR Inh -172) (10 lM, Sigma) was added to the basolateral side to further confirm specificity.
Trans-Gt measurements of FRT cell monolayers
Gt was measured using 24-channel voltage clamp, as previously described (17, 47) . After recording the baseline Gt, forskolin (20 lM) was added to both sides followed by CFTR Inh -172 (10 lM) to the basolateral side.
Ieq on HBE cell monolayers
Primary HBE cells isolated from a homozygous G542X patient (graciously provided by Dr Scott Randell, at the University of North Carolina at Chapel Hill) were expanded and differentiated into cell monolayers grown at air liquid interface. Briefly, cells (Passage 3) were seeded onto HTS 24-well transwell filter inserts (Corning, #3378) at a density of $500 K/cm 2 and grown until well-differentiated (30). HBE cell monolayers were then incubated for 48 h (37 C, 5% CO 2 ) in the presence of (basolateral) vehicle or readthrough agent G418 (50 mM or 100 mM) and/or the corrector molecule, VX-809 (3 mM) or the combination of G418 with VX-809. During Ieq assay, the incubation media is replaced with HEPES buffered (pH 7.4) F-12 Coon's modification media (Sigma, F6636) and cells are equilibrated for 30 min at 36 C. The Ieq measurements were obtained using a transepithelial current clamp (TECC-24, EP Design, Belgium) mounted on a robotic platform (P2300, Precise Automation, CA, USA), as previously described (17) . After measuring the baseline Ieq, benzamil (6 mM) was added to block the epithelial sodium channel activity followed by the addition of CFTR agonist cocktail forskolin (10 mM) plus VX-770 (1 mM), and then anion transport was inhibited with bumetanide (10 mM). DMSO (0.03%) served as the vehicle control. The area under the curve (AUC) between additions of CFTR agonists and CFTR inhibitor are used as measures of functional CFTR Cl À transport activity.
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